In mammals, the primary step in male sex determination is the initiation of testis development which depends on the expression of the Ylinked testis determining gene, Sry. The mechanisms by which Sry controls this process are unknown. Studies showed that cell migration from the adjacent mesonephros only occurs into XY gonads; however, it was not known whether this effect depended on Sry, another Y-linked gene, or the presence of one versus two X chromosomes. Here we provide genetic proof that Sry is the only Y-linked gene necessary for cell migration into the gonad. Cell migration from the mesonephros into the differentiating gonad is consistently associated with Sry's presence and with testis cord formation, suggesting that cell migration plays a critical role in the initiation of testis cord development. The induction of cell migration represents the earliest signaling pathway yet assigned to Sry. q
Introduction
Sex in mammals is genetically determined by fertilization of an X-bearing ovum with an X-or Y-bearing sperm, giving rise to XX embryos destined to develop as females, or XY embryos destined to develop as males. Initially, gonads of XX and XY embryos arise as identical primordia. In the mouse, sexual dimorphism ®rst occurs near midgestation when differentiation of the bipotential gonad diverges to give rise to an ovary or a testis. Initiation of testis development in XY fetuses is due to the Y-linked sex determining gene, Sry. Proof that Sry acts as a genetic switch, initiating pathways leading to the differentiation of a testis rather than an ovary, was provided by gain and loss of function experiments: Expression of an Sry transgene in an XX mouse results in testis development (Koopman et al., 1990; Eicher et al., 1995) ; whereas, deletion of Sry from the Y chromosome in the XY Tdym1 mouse results in ovary development (Lovell-Badge and Robertson, 1990; Gubbay et al., 1992) .
In the mouse, Sry expression is detected exclusively in the XY gonadal primordium between 10.5 and 12.5 days post coitum (dpc) (Koopman et al., 1990; Hacker et al., 1995; Jeske et al., 1995) . Following Sry expression, development of the bipotential gonad diverges. One of the ®rst obvious changes characterizing male gonad differentiation is the development of testis cords which become visible by 12.5 dpc in the mouse and contain pre-Sertoli cells and germ cells. Little is known about the nature of signaling events downstream of Sry that direct the organization of gonadal cells into testis cords.
Electron microscopy studies suggested that the mesonephros is an important contributor of cells to the mammalian gonad on the basis of morphological criteria and non-speci®c cell staining patterns that were similar between cells in the mesonephros and cells in the gonad (Wartenberg, 1978; Upadhyay et al., 1979; Wartenberg, 1982; Zamboni and Upadhyay, 1982; Satoh, 1985; Byskov, 1986) . Subsequently, Buehr and colleagues cultured individual XY gonads apposed to mesonephroi marked by multiple copies of a globin transgene, and found that mesonephros-derived cells were detectable in the gonads by in situ hybridization using a radiolabeled globin probe. However, if gonads were cultured alone, or if a membrane was placed between the mesonephros and the gonad, testis cords did not form (Buehr et al., 1993) . These results indicated that contact between a mesonephros and gonad is required for cord formation, and raised the possibility that a population of cells from the mesonephros was essential for testis formation. However, because only XY gonads were used in these experiments, it was not known whether cell migration occurred into both XX and XY gonads or if it was speci®c to the developing testis.
Martineau and colleagues developed an organ culture system using sexed (XX and XY) mesonephroi and gonads to test whether migration of mesonephric cells is testisspeci®c at the stage when gonad development diverges (Martineau et al., 1997) . This system allowed mesonephros-derived cells to be identi®ed easily by coculturing a mesonephros from a mouse fetus that ubiquitously expresses a b -galactosidase (b -gal) transgene (B6,129-TgR(ROSA26)26Sor) (Friedrich and Soriano, 1991) with a gonad from a non-b -gal expressing mouse fetus. Subsequent staining of b -gal positive cells showed that cells from the mesonephros migrate into the gonad only if the gonad is chromosomally XY; no migration occurs if the gonad is chromosomally XX (Martineau et al., 1997) . Because cell migration occurred only into the XY gonad, Martineau and coworkers hypothesized that cell migration plays a critical role in the initiation of testis cord formation and the divergence of organ architecture in the bipotential gonad. They also hypothesized that Sry was responsible for inducing cell migration; however, formal testing of this hypothesis had not been carried out. Two other hypotheses are tenable: (1) a Y-linked gene other than Sry is critical for initiating mesonephric cell migration, or (2) the presence of one versus two X chromosomes triggers migration of mesonephric cells into the developing gonad.
We have combined the culture system developed by Martineau and coworkers with a genetic approach to test the hypothesis that Sry is necessary and suf®cient to initiate the signal for migration of mesonephric cells into the fetal gonad. To test whether Sry is necessary to induce migration into an XY gonad, cultures were assembled using a gonad from an XXY fetus that contained a Y chromosome deleted for Sry (Y m , a derivative of Y Tdym1 ). To test whether Sry is suf®cient to induce migration into an XX gonad, cultures were assembled using gonads from XX fetuses that contained a functional Sry transgene. It was known that XX gonads expressing Sry as a transgene form testis cords by 14.5 dpc (Eicher et al., 1995) . To establish a tight correlation between migration and cord formation however, it was important to test whether cord formation also was associated with cell migration in the case of XX Sry transgenics. Our results indicate that migration of mesonephric cells into the fetal gonad is consistently associated both with the presence of Sry in the gonad and with testis cord formation. In the absence of Sry, no migration occurs and testis cords do not form. To our knowledge, induction of mesonephric cell migration into the developing testis is the earliest functional role ascribed to Sry.
Results
Mesonephroi from ROSA26 fetuses were apposed to gonads from fetuses carrying one of two Sry transgenes, C57BL/6JEi-Y AKR TgN(Sry)1Ei (Tg1) (Washburn et al., in preparation), or C57BL/6JY POS TgN(Sry)4Ei (Tg4) (Eicher et al., 1995) . Samples were cultured for 42±48 h, then stained for b-gal activity. Signi®cant cell migration from the mesonephros into the gonad was observed in 31/31 XX Sry Tg gonads (10 Tg1 and 21 Tg4), exhibiting a range of migration classi®ed from`11' to`111' (Fig. 1B,C) . No migration occurred into 8/8 XXY m gonads and all were classi®ed as`2' In accord with previous data (Martineau et al., 1997) , extensive cell migration occurred into 36/37 XY gonads: 22 were scored as`111' and 14 were scored as`11'. One XY gonad was scored as`2'. This fetus was positive for the Y chromosome sequence YMT2/B when subsequently typed by PCR analysis. While it is possible that this fetus carried a mutation within the Sry gene or that the gonad contained XO cells, this case probably represents an unsuccessful assembly. No cell migration was observed in 36 normal XX gonads with the exception of several cases in which a few blue cells were located in small vessels near the mesonephric border, and all were scored as`2'. Such limited migration of mesonephric cells into XX gonads has been noted previously (Martineau et al., 1997) .
To test the possibility that the extent of cell migration was dependent on the XX or XY chromosomal constitution of the mesonephros, one of each pair of gonads was assembled with an XX mesonephros, and one with an XY mesonephros whenever possible. Among the XY controls, 15/21 complexes scoring`111' contained an XY mesonephros, while 7/21 contained an XX mesonephros. In the`11' category, 4/14 gonads were assembled with an XY mesonephros and 10/14, with an XX. However, among XX Tg4 samples scoring`111', 9/18 were assembled with an XX mesonephros, and 9/18 were assembled with an XY mesonephros. All three samples in the XX Tg4 set falling into the`11' category contained an XY mesonephros. These results provide no evidence that the extent of mesonephric cell migration depends on the XX or XY chromosomal constitution of the mesonephros.
Testis cords were clearly visible after culture in normal XY, XX Sry Tg1, and XX Sry Tg4 samples when cryosectioned (data not shown). The timing of cell migration into transgenic gonads and the migrating cell types detected were similar to that seen in the control XY gonads and in XY gonads studied previously (Martineau et al., 1997) , and included cells aligned adjacent to Sertoli cells on the outside borders of testis cords (probably peritubular myoid cells), cells in regions where vasculature is forming, and unidenti®ed cells in interstitial spaces. The overall amount of migration into XX and XY Sry transgenic gonads was at least as extensive as that normally seen in XY gonads (Fig. 1B) .
Discussion
A present goal in the study of mammalian sex determination is the identi®cation of molecular pathways downstream of Sry that control testis development. This has proved to be a dif®cult task re¯ected by the fact that no direct targets of SRY are yet known. We reasoned that a reverse approach would be informative: The identi®cation of Sry-dependent developmental mechanisms would allow the deduction of the molecular pathways that exist between SRY and the changes in gonad architecture that mark the initiation of testis development. This approach depends on the determination that mechanisms that are testis speci®c are dependent on Sry itself and not on other differences between XX and XY fetuses, such as X-chromosome dosage or other genes on the Y chromosome.
The experimental results obtained in this study indicate that the presence of Sry as a transgene in XX gonads consistently induces cell migration from the adjacent mesonephros, whereas deletion of Sry from the Y chromosome in XXY m gonads results in the absence of cell migration from the mesonephros. These results provide formal proof that Sry is the only Y-linked gene required to initiate the signal for migration of mesonephric cells into the developing testis. Migration of mesonephric cells into XX gonads carrying an Sry transgene also eliminates the possibility that one versus two X chromosomes is important to initiate the signal for mesonephric cell migration. Both XX and XY mesonephroi can respond to the signal for cell migration and contribute cells to the gonad. These, and previous experiments (Martineau et al., 1997) , provide no conclusive evidence that the amount of cellular migration is improved if the mesonephros is derived from an XY fetus.
The strict correlation among the presence of Sry, mesonephric cell migration, and testis cord formation suggests that the incoming mesonephric cells play an important role in testis development, perhaps by initiating cell interactions that result in reorganization of gonadal cells into a testis architecture. Further experiments will determine if testis cord formation is a direct result of mesonephric cell migration into the bipotential gonad.
The SRY protein itself is unlikely to be the signal for cell migration for at least two reasons: (1) SRY is an HMG-type DNA binding protein thought to act as a transcription factor, and (2) cells continue to migrate for several days after Sry expression ceases. Instead, it is likely that SRY directly or indirectly activates a downstream migration factor. The observation that migrating cells are detectable in the gonad soon after Sry expression begins indicates that this signaling pathway is closely coupled to Sry expression. Further experiments will be directed at the identi®cation of the signaling factor that is speci®cally activated downstream of Sry, and acts to induce cell migration from the mesonephros.
